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Abstract. Lipped channel beams (LCBs) are commonly used as floor joists and bearers in buildings. 
However, they are subjected to specific failure modes such as web crippling. Despite considerable 
web crippling research, recent studies [1-6] have shown that the current web crippling design rules 
are unable to predict the test capacities under ETF and ITF load cases. In many instances, the 
predictions by the available design standards such as AISI S100, AS/NZS 4600 and Eurocode 3 Part 
1-3 [7-9] are inconsistent. Hence thirty-six tests were conducted to assess the web crippling behaviour 
and strengths of LCBs under two flange load cases. Experimental web crippling capacities were then 
compared with the predictions from the current design rules. These comparisons showed that AS/NZS 
4600 and AISI S100 design equations are very unconservative for LCB sections under ETF load case 
and are conservative for ITF load case. Hence improved equations were proposed to determine the 
web crippling capacities of LCBs. Suitable design rules were also developed using the direct strength 
method. This paper presents the details of this study and the results including improved design rules. 
1 INTRODUCTION 
Web bearing failure, which is generally known as web crippling, is a form of localized 
failure that occurs at points of transverse concentrated loading or supports of thin-walled steel 
beams. Lipped channel sections that are unstiffened against this type of loading are vulnerable 
to bearing failures. This bearing failure can be classified into flange crushing, web buckling 
and web yielding depending on the failure location and mode (see Figure 1). The computation 
of web crippling strength using a theoretical analysis is quite complex as it involves many 
factors such as web slenderness, web thickness, yield strength and inside bent radius. Hence 
the current web bearing design rules found in most specifications for cold-formed steel 
structures are empirical in nature developed based on more than 1200 tests of conventional 
cold-formed steel sections such as C-, Z- and hat sections and built-up sections undertaken 
since 1940s. 
When subjected to concentrated loads and reactions under various loading conditions, thin-
walled cold-formed steel members suffer from bearing failures. These loading conditions are 
defined into four categories, based on the location of load or reaction force through one flange 
or both flanges. Figure 2 shows the typical loading conditions specified in the AISI design 
specification AISI-S100 [7] and AS/NZS 4600 [8].   
• End-One-Flange Loading (EOF) 
• End-Two-Flange Loading (ETF) 
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a) Web buckling  b) Web yielding                       c) Flange crushing 
• Interior-One-Flange Loading (IOF) 
• Interior-Two-Flange Loading (ITF) 
 
 
 
 
 
Figure 1: Bearing failure modes 
 
Many experimental studies have been conducted to investigate the web crippling behaviour 
of cold-formed steel sections. But they appear to have inconsistencies in the test set-up and 
selection of test specimen lengths. Therefore in 2008, American Iron and Steel Institute 
published a standard test method, AISI S909 [10] that presents the details of web crippling 
test set-ups and procedures for use in experimental studies. However, this AISI test procedure 
appears to be different from those used by past research studies. AISI S909 [10] recommends 
the following test specimen lengths for the four loading cases.  
 EOF Loading: Lmin= 3d1+ 3ℓb  
 IOF Loading:  Lmin= 3d1+ 3ℓb 
 ETF Loading: Lmin= 3d1 
 ITF Loading: Lmin= 5d1 
 where;  
  Lmin = Minimum specimen length 
  d1= Depth of the flat portion of the web measured along the plane of the web 
  ℓb= Bearing length 
In this research the web crippling behaviour and strength of LCBs under ETF and ITF load 
cases were investigated using an experimental study. This paper presents the details of recent 
web crippling studies of LCBs and our experimental study conducted based on the AISI 
standard test method [10]. 
2 PAST RESEARCH STUDIES AND DESIGN RULES 
Since 1940, many experimental studies have been conducted on the web crippling 
behaviour of different cold-formed sections including C-sections, Z-sections, LCBs and hat 
sections to improve the web crippling design method. These experimental studies differ in test 
specimen length, test set-up, support conditions (flange fastened, unfastened to support) and 
the method of load applications. In recent years, Macdonald et at. [1,2] and Uzzaman et al. [3-
6] conducted experimental and numerical studies on LCB sections under different load and 
support conditions. Details of their experimental studies and a summary of their results are 
given in the next section. 
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Figure 2: Web crippling loading conditions and common parameters 
2.1 Macdonald et al. [1,2] 
Macdonald et al. [1,2] conducted a series of web crippling tests of lipped channel beams 
under all four load cases. Test specimens were designed to have three different corner radii 
and two different web heights using steel with a relatively low yield stress. They were tested 
using three different load bearing plate widths of 25 mm, 50 mm and 100 mm. ETF loading 
tests were conducted only for flanges fastened to support condition and ITF loading tests were 
conducted for both flange fastened and unfastened conditions. Figure 3 shows the test set-up 
used by them for ETF and ITF load cases. In this experimental study, single specimens were 
used with a constant length of 400 mm for all the sections in both ETF and ITF load cases.  
Test results for the flange fastened ETF load case were compared with the current design 
code predictions in Table 1. These comparisons show that both AS/NZS 4600 [8] and 
Eurocode 3 Part 1-3 [9] design rules are over-conservative. Similarly, test results for ITF 
flange fastened and unfastened load cases were compared with design code predictions in 
Tables 2 and 3. These comparisons show that the design standards are over-conservative for 
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a) ETF load case     b) ITF load case  
Loading Plate 
Bearing Plate 
LVDT  
Test specimen 
(Single LCB) 
  
Bearing Plate 
LVDT  
Test specimen 
(Single LCB) 
  
Loading Plate 
flange fastened ITF load case. Many test results of flange unfastened ITF load case could not 
be compared with AS/NZS 4600 predictions due to its limitation in relation to ri/tw (≤ 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1: Comparison of Macdonald et al.’s [1,2] test results with current design standard predictions - 
ETF load case with fastened flanges 
Test No fy  (MPa) 
tw 
(mm) 
ri  
(mm) 
ℓb 
(mm) 
L 
(mm) 
Web Crippling Capacity (kN)   Comparison 
Test 
Rb,Exp 
AS/NZS 
4600 
Rb,AS/NZS 
Eurocode 3 
Part 1-3 
Rb,EU  
  Rb,Exp/ Rb,AS/NZS 
 Rb,Exp/ 
Rb,EU 
ETF-1 220 0.78 1.6 25 400 0.87 0.80 0.78   1.09 1.11 
ETF-2 220 0.78 2.4 25 400 0.81 0.77 0.64   1.05 1.27 
ETF-3 220 0.78 5.0 25 400 0.76 0.75 NA   1.01 - 
ETF-4 220 0.78 1.6 25 400 1.25 0.69 0.71   1.81 1.77 
ETF-5 220 0.78 2.4 25 400 0.98 0.68 0.58   1.45 1.68 
ETF-6 220 0.78 5.0 25 400 0.80 0.65 NA   1.23 - 
ETF-7 220 0.78 1.6 50 400 1.38 0.93 0.97   1.48 1.42 
ETF-8 220 0.78 2.4 50 400 0.92 0.90 0.79   1.02 1.16 
ETF-9 220 0.78 5.0 50 400 1.14 0.88 NA   1.29 - 
ETF-10 220 0.78 1.6 50 400 1.24 0.80 0.88   1.54 1.41 
ETF-11 220 0.78 2.4 50 400 1.22 0.79 0.72   1.54 1.69 
ETF-12 220 0.78 5.0 50 400 0.98 0.76 NA   1.29 - 
ETF-13 220 0.78 1.6 100 400 1.84 1.12 1.35   1.64 1.36 
ETF-14 220 0.78 2.4 100 400 1.76 1.09 1.10   1.62 1.59 
ETF-15 220 0.78 5.0 100 400 1.58 1.06 NA   1.49 - 
ETF-16 220 0.78 1.6 100 400 1.72 0.97 1.22   1.78 1.41 
ETF-17 220 0.78 2.4 100 400 1.56 0.95 1.01   1.64 1.55 
ETF-18 220 0.78 5.0 100 400 1.28 0.92 NA   1.40 - 
    Mean               1.41 1.45 
    COV               0.18 0.14 
* NA - Eurocode design rules cannot be used due to the limitation of ri/tw values (ri/tw > 6) 
 
Figure 3: Test Set-up for ETF and ITF load cases [4] 
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Table 2: Comparison of Macdonald et al.’s [1,2] test results with current design standard predictions –
ITF load case with fastened flanges 
Test No fy  (MPa) 
tw 
(mm) 
ri  
(mm) 
ℓb 
(mm) 
L 
(mm) 
Web Crippling Capacity (kN)   Comparison 
Test 
Rb,Exp 
AS/NZS 
4600 
Rb,AS/NZS 
Eurocode 3 
Part 1-3 
Rb,EU  
  Rb,Exp/ Rb,AS/NZS 
 Rb,Exp/ 
Rb,EU 
ITF-1 260 0.6 1.0 100 400 3.00 2.18 1.41   1.37 2.13 
ITF-2 260 0.6 2.1 100 400 2.40 2.05 1.24   1.17 1.94 
ITF-3 260 0.6 3.0 100 400 2.35 1.97 1.11   1.19 2.11 
ITF-4 260 0.6 1.0 50 400 2.25 1.85 1.27   1.22 1.77 
ITF-5 260 0.6 2.1 50 400 1.90 1.74 1.13   1.09 1.69 
ITF-6 260 0.6 3.0 50 400 2.10 1.68 1.01   1.25 2.08 
ITF-7 260 0.6 1.0 25 400 2.10 1.63 1.22   1.29 1.73 
ITF-8 260 0.6 2.1 25 400 1.90 1.53 1.07   1.24 1.77 
ITF-9 260 0.6 3.0 25 400 1.80 1.47 0.96   1.23 1.88 
    Mean               1.23 1.90 
    COV               0.06 0.09 
 
Table 3: Comparison of Macdonald et al.’s [1,2] test results with current design standard predictions –
ITF load case with unfastened flanges 
Test No fy  (MPa) 
tw 
(mm) 
ri  
(mm) 
ℓb 
(mm) 
L 
(mm) 
Web Crippling Capacity (kN)   Comparison 
Test 
Rb,Exp 
AS/NZS 
4600 
Rb,AS/NZS 
Eurocode 3 
Part 1-3 
Rb,EU  
  Rb,Exp/ Rb,AS/NZS 
 Rb,Exp/ 
Rb,EU 
ITF-10 260 0.6 1.0 25 400 1.41 1.44 1.22   0.98 1.16 
ITF-11 260 0.6 2.1 25 400 1.25 NA 1.07   - 1.17 
ITF-12 260 0.6 3.0 25 400 1.19 NA 0.96   - 1.23 
ITF-13 260 0.6 1.0 50 400 1.38 1.73 1.28   0.80 1.08 
ITF-14 260 0.6 2.1 50 400 1.18 NA 1.13   - 1.05 
ITF-15 260 0.6 3.0 50 400 1.13 NA 1.01   - 1.12 
ITF-16 260 0.6 1.0 100 400 1.37 2.14 1.41   0.64 0.98 
ITF-17 260 0.6 2.1 100 400 1.23 NA 1.24   - 0.99 
ITF-18 260 0.6 3.0 100 400 1.13 NA 1.11   - 1.01 
    Mean               0.81 1.09 
    COV               0.21 0.08 
*NA- AS/NZS 4600 design rules cannot be used due to the limitation of ri/tw values (ri/tw > 3) 
 
2.2 Uzzaman et al. [3-6] 
Uzzaman et al. [3-6] undertook an experimental investigation to study the web crippling 
behaviour of lipped channel sections with circular web holes under ETF and ITF load cases. 
Their tests also included many lipped channels without web holes. Their specimens 
comprised five section sizes with thicknesses ranging from 1.2 to 2.0 mm and the nominal 
web depths ranging from 142 to 302 mm.The test set-ups for ETF and ITF load cases are 
shown in Figure 4.  
Uzzaman et al.’s test capacity results for ETF and ITF load cases with both flange fastened 
and unfastened conditions are compared with the corresponding predictions from the current 
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a) ETF load case      b) ITF load case          
Australian and Eurocode design Standards [8, 9] in Tables 4 to 7. For ETF load case, test 
results show that both AS/NZS 4600 and Eurocode 3 Part 1-3 predictions are unsafe in the 
case of unfastened flange conditions. However, similar tests with fastened flanges gave 
contradicting results. In this case, AS/NZS 4600 predictions are unsafe while Eurocode 
predictions are conservative compared with Uzzaman et al.’s test results. 
Many test results of ITF-flange unfastened condition could not be compared with AS/NZS 
4600 predictions, while ITF-fastened condition test results were not compared with Eurocode 
predictions due to the limitation in relation to ri/tw. Eurocode predictions for the ITF 
unfastened flange condition and AS/NZS 4600 predictions for ITF fastened flange conditions 
are unconservative compared with Uzzaman et al’s test results. 
 
 
Table 4: Comparison of Uzzaman et al.’s [3-6] test results with current design rule predictions –ETF 
load case with fastened flanges 
Section fy  (MPa) 
tw 
(mm) 
ri  
(mm) 
ℓb 
(mm) 
Bearing Capacity (kN)   Comparison 
Test 
Rb,Exp 
AS/NZ 
4600 
Rb,AS/NZS 
Eurocode 3 
Part 1-3 
Rb,EU  
  Rb,Exp/ Rb,AS/NZS 
 Rb,Exp/ 
Rb,EU 
142x60x1.3 455 1.24 4.75 30.0 2.96 3.56 1.63   0.83 1.81 
142x60x1.3 455 1.21 4.75 60.0 3.32 3.88 1.81   0.86 1.83 
142x60x1.3 455 1.21 4.75 60.0 3.31 3.88 1.81   0.85 1.83 
142x60x1.3 455 1.21 4.75 60.0 3.27 3.88 1.81   0.84 1.80 
172x65x1.3 534 1.26 5.00 32.5 2.88 3.94 1.49   0.73 1.93 
172x65x1.3 534 1.26 5.00 65.0 3.31 4.56 1.80   0.73 1.84 
202x65x1.4 513 1.38 5.00 32.5 3.63 4.30 1.89   0.84 1.93 
202x65x1.4 513 1.45 5.00 65.0 4.37 5.61 2.61   0.78 1.67 
262x65x1.6 525 1.55 5.50 32.5 3.63 4.87 2.16   0.75 1.68 
262x65x1.6 525 1.52 5.50 65.0 3.94 5.31 2.38   0.74 1.65 
302x90x2.0 483 1.96 5.50 44.0 6.95 7.87 4.44   0.88 1.57 
   Mean               0.80 1.78 
  COV                0.07 0.07 
 
 
 
Figure 4: Test set-up for ETF and ITF load cases [3,4] 
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Table 5: Comparison of Uzzaman et al.’s [3-6] test results with current design rule predictions –ETF 
load case with unfastened flanges 
Section fy  (MPa) 
tw 
(mm) 
ri  
(mm) 
ℓb 
(mm) 
Bearing Capacity (kN)   Comparison 
Test 
Rb,Exp 
AS/NZ 
4600 
Rb,AS/NZS 
Eurocode 3 
Part 1-3 
Rb,EU  
  Rb,Exp/ Rb,AS/NZS 
 Rb,Exp/ 
Rb,EU 
142x60x1.3 455 1.23 4.75 30.0 1.68 2.44 1.60   0.69 1.05 
142x60x1.3 455 1.24 4.75 60.0 1.95 2.71 1.96   0.72 0.99 
142x60x1.3 455 1.24 4.75 60.0 1.83 2.71 1.96   0.68 0.93 
142x60x1.3 455 1.24 4.75 60.0 1.91 2.71 1.96   0.71 0.97 
172x65x1.3 534 1.27 5.00 32.5 1.70 2.82 1.53   0.60 1.11 
172x65x1.3 534 1.28 5.00 65.0 1.88 3.13 1.89   0.60 0.99 
202x65x1.4 513 1.45 5.00 32.5 1.98 3.82 2.21   0.52 0.90 
202x65x1.4 513 1.45 5.00 65.0 2.39 4.12 2.61   0.58 0.92 
262x65x1.6 525 1.56 5.50 32.5 2.04 4.03 2.21   0.51 0.92 
262x65x1.6 525 1.55 5.50 65.0 2.19 4.26 2.54   0.51 0.86 
302x90x2.0 483 1.94 5.50 44.0 3.96 6.89 4.30   0.57 0.92 
308x90x2.0 483 1.97 5.50 90.0 4.30 7.83 5.38   0.55 0.80 
  Mean                0.60 0.95 
  COV                0.13 0.09 
 
Table 6: Comparison of Uzzaman et al.’s [3-6] test results with current design rule predictions –ITF 
load case with fastened flanges 
Section fy  (MPa) 
tw 
(mm) 
ri  
(mm) 
ℓb 
(mm) 
Bearing Capacity (kN)   Comparison 
Test 
Rb,Exp 
AS/NZ 
4600 
Rb,AS/NZS 
Eurocode 3 
Part 1-3 
Rb,EU  
  Rb,Exp/ Rb,AS/NZS 
 Rb,Exp/ 
Rb,EU 
142x60x1.3 455 1.22 4.8 30.0 7.50 10.31 6.26   0.73 1.20 
142x60x1.3 455 1.21 4.8 60.0 8.10 11.31 6.30   0.72 1.29 
172x65x1.3 534 1.26 4.8 32.5 8.90 12.47 6.49   0.71 1.37 
172x65x1.3 534 1.25 4.5 65.0 9.50 13.82 6.67   0.69 1.42 
202x65x1.4 513 1.44 4.5 32.5 11.50 15.56 8.62   0.74 1.33 
202x65x1.4 513 1.43 4.5 65.0 11.70 17.06 8.69   0.69 1.35 
262x65x1.6 525 1.51 5.0 32.5 11.50 16.14 7.84   0.71 1.47 
302x90x2.0 483 1.95 5.0 90.0 22.30 29.62 15.30   0.75 1.46 
  Mean                0.72 1.36 
  COV                0.03 0.07 
 
Table 7: Comparison of Uzzaman et al.’s [3-6] test results with current design rule predictions –ITF 
load case with unfastened flanges 
Section fy  (MPa) 
tw 
(mm) 
ri  
(mm) 
ℓb 
(mm) 
Bearing Capacity (kN)   Comparison 
Test 
Rb,Exp 
AS/NZ 4600 
Rb,AS/NZS 
Eurocode 3 
Part 1-3 
Rb,EU  
  Rb,Exp/ Rb,AS/NZS 
 Rb,Exp/ 
Rb,EU 
142x60x1.3 455 1.21 4.8 30.0 5.6 NA 6.10   - 0.92 
142x60x1.3 455 1.21 4.8 60.0 6.0 NA 6.30   - 0.95 
172x65x1.3 534 1.23 4.8 32.5 5.7 NA 6.05   - 0.94 
172x65x1.3 534 1.26 4.8 65.0 6.3 NA 6.70   - 0.94 
202x65x1.4 513 1.40 4.8 32.5 6.8 NA 7.82   - 0.87 
202x65x1.4 513 1.44 4.8 65.0 7.4 NA 8.73   - 0.85 
262x65x1.6 525 1.48 5.5 32.5 6.6 NA 7.19   - 0.92 
262x65x1.6 525 1.54 5.0 65.0 7.7 NA 8.58   - 0.90 
308x90x2.0 483 1.96 4.8 90.0 14.1 16.52 15.64   0.85 0.90 
  Mean                - 0.91 
  COV                 - 0.04 
*NA- AS/NZS 4600 design rules cannot be used due to the limitation of ri/tw values (ri/tw > 3) 
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2.3 Current design rules 
AISI S100 [7] and AS/NZS 4600 [8] provide a single unified equation to predict the web 
crippling capacities with relevant coefficients for different types of cold-formed sections. This 
bearing capacity equation is based on Prabakaran’s [11] research studies that used the past 
experimental results of different cold-formed sections and load cases. Web crippling 
capacities for most of the currently available lipped channel beams cannot be predicted using 
these design equations due to the limitations of ri/tw in the design standards.  
Eurocode 3 Part 1-3 [9] gives different equations derived based on past experimental 
studies. However, these design equations are complicated in comparison to AISI S100 [7] and 
AS/NZS 4600 design equations and do not differentiate between flange fastened and 
unfastened support conditions.  
2.4 Summary 
There were only few experimental studies available in the literature for web crippling of 
LCB sections. There were many differences among them, mainly in relation to the test 
specimen length, test set-up and support conditions (flange fastened, unfastened to support). 
Web crippling design rules in most of the current design standards were derived from past 
experimental studies. Generally, the predictions by the design rules in the available design 
standards such as AISI S100, AS/NZS 4600 and Eurocode 3 Part 1-3 [7-9] appear to be 
inconsistent, ie. unsafe in some cases while being conservative in other cases.  Hence an 
experimental study consisting of 36 tests was conducted in this research to assess the web 
crippling behaviour and strengths of LCBs under two flange load cases (ETF and ITF). 
3 EXPREMENTAL STUDY 
Following a detailed review on past research studies on web crippling, a series of web 
crippling tests using the AISI standard test method [10] was completed in order to fully 
understand the web crippling behaviour of LCB sections. Six sections were chosen based on 
the commonly used lipped channel sections in the building industry. Tables 8 and 9 present 
the details of the web crippling test specimens used in this study. It includes the measured 
web thicknesses (tw), inside bent radius (ri), depth of web (d), clear web heights (d1), and yield 
stresses (fy) of the web elements of tested LCBs. The critical parameters of the specimens 
such as ri/tw, ℓb/tw and d1/tw varied from 2.1 to 3.4, 10.4 to 82.6 and 58.5 to 115.9, 
respectively. Figures 5 and 6 show the test set-up used in the web crippling tests of this 
research for ETF and ITF load cases, respectively. AISI standard test method [10] 
recommends that the specimen length should be at least equal to three times the flat portion of 
clear web height for the ETF load case while it recommends five times the flat portion of clear 
web height for the ITF load case. Hence five times and three times the section depth were 
selected for ITF and ETF load cases, respectively. Single LCB section was considered in the 
tests under ETF and ITF load cases as was done by previous researchers. 
Thirty six tests were conducted to investigate the web crippling behaviour and capacities of 
LCBs under ETF and ITF load cases. All the tests were conducted using an Instron testing 
machine. Three different sizes of bearing plates (25, 50 and 100 mm) were used for both ETF 
and ITF load cases. The support system was designed to ensure that the test beam had pinned 
supports at the top and bottom. The measuring system was set-up to record the applied load 
and associated test beam displacements. Two laser displacement transducers were located on 
the test beam near the loading point and web panel to measure the vertical and lateral 
deflections, respectively (see Figures 5 and 6). 
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The required LCB specimens were fabricated and their sizes, in particular, the clear web 
height (d1), web thickness (tw) and inside bent radius (ri) were measured (see Tables 8 and 9). 
The specimen was placed in the Instron testing machine, the measuring system was initialized 
with zero values, and then the loading was commenced. The cross-head of the testing machine 
was moved at a constant rate of 0.7 mm/minute until the test specimen failed. 
Figures 7 (a) to (c) show the web crippling failure modes of C10010 under ETF load case 
while Figures 8 (a) to (c) show the web crippling failure modes of C10010 under ITF load 
case with 25mm, 50 mm and 100 mm bearing plates, respectively. Tables 10 and 11 present 
the ultimate web crippling capacities from the two series of tests. Experimental web crippling 
capacities were compared with the predictions from the current web crippling design rules [7-
9].  For ETF load case, the mean value of test to predicted web crippling capacity of LCBs by 
AS/NZS 4600 is 0.62 while the corresponding coefficient of variation (COV) is 0.12. They 
were 1.74 and 0.34 for ITF load case. This means that the web crippling predictions using 
AS/NZS 4600 [8] design equation, which is identical to AISI S100 [7] equation, is quite 
unconservative for LCB sections under ETF load case while being overly conservative for 
ITF load case. In comparison to AISI S100 and AS/NZS 4600 design equations, Eurocode 
design equations predict the web crippling capacities of LCBs reasonably well. However, they 
are presented as complicated equations, yet without differentiating between fastened and 
unfastened support conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Web crippling test set-up for ETF load case 
Figure 6: Web crippling test set-up for ITF load case 
LVDT laser  
Test specimen 
Support plate 
Loading plate 
LVDT laser  
Test specimen 
Support plate 
Loading plate 
Lavan Sundararajah et al. 
 10 
Table 8: Test specimen details-ETF load case 
No Member fy (N/mm2) 
tw 
(mm) 
ri 
(mm) 
ℓb 
(mm) 
bf 
(mm) 
d 
(mm) 
L 
(mm) 
1 C10010 581 1.03 3.5 25 50.5 100.4 306 
2 C10015 540 1.52 4.0 25 50.0 100.0 307 
3 C15012 556 1.21 4.0 25 62.0 150.0 456 
4 C15015 531 1.52 4.5 25 62.5 150.2 456 
5 C20019 506 1.91 5.0 25 77.0 203.7 609 
6 C20024 526 2.41 5.0 25 76.5 203.6 609 
7 C10010 581 1.03 3.5 50 50.5 100.3 306 
8 C10015 540 1.52 4.0 50 51.3 100.9 307 
9 C15012 556 1.21 4.0 50 61.8 150.7 456 
10 C15015 531 1.52 4.5 50 62.5 150.0 456 
11 C20019 506 1.91 5.0 50 76.5 203.4 609 
12 C20024 526 2.41 5.0 50 76.4 203.5 606 
13 C10010 581 1.03 3.5 100 50.2 99.8 306 
14 C10015 540 1.52 4.0 100 50.9 100.4 306 
15 C15012 556 1.21 4.0 100 61.9 150.9 456 
16 C15015 531 1.52 4.5 100 60.0 150.0 456 
17 C20019 506 1.91 5.0 100 76.5 203.4 606 
18 C20024 526 2.41 5.0 100 76.4 203.5 609 
 
 
Table 9: Test specimen details-ITF load case 
No Member fy (N/mm2) 
tw 
(mm) 
ri 
(mm) 
ℓb 
(mm) 
bf 
(mm) 
d 
(mm) 
L 
(mm) 
1 C10010 581 1.03 3.5 25 50.6 99.9 510 
2 C10015 540 1.52 4.0 25 51.2 101.1 510 
3 C15012 556 1.21 4.0 25 62.1 150.3 760 
4 C15015 531 1.52 4.5 25 62.5 150.1 760 
5 C20019 506 1.91 5.0 25 76.4 203.6 1015 
6 C20024 526 2.41 5.0 25 76.6 203.7 1015 
7 C10010 581 1.03 3.5 50 50.3 100.4 510 
8 C10015 540 1.52 4.0 50 50.0 101.1 510 
9 C15012 556 1.21 4.0 50 62.0 151.1 760 
10 C15015 531 1.52 4.5 50 61.4 150.8 760 
11 C20019 506 1.91 5.0 50 76.6 203.6 1015 
12 C20024 526 2.41 5.0 50 76.7 203.6 1019 
13 C10010 581 1.03 3.5 100 50.7 100.1 510 
14 C10015 540 1.52 4.0 100 50.9 100.8 510 
15 C15012 556 1.21 4.0 100 62.3 150.4 760 
16 C15015 531 1.52 4.5 100 62.7 150.0 760 
17 C20019 506 1.91 5.0 100 77.3 203.1 1015 
18 C20024 526 2.41 5.0 100 76.7 203.6 1013 
 
Note:  fy =Yield stress, tw = Web thickness, ri = Inside bent radius, ℓb = Bearing length, bf = Flange width, d = 
Web height, L= Specimen length  
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Table 10: Experimental ultimate loads and comparisons with design rules and proposal-ETF load case 
No Member 
Bearing capacity (kN)   Comparison 
Test 
Rb,Exp 
AS/NZS 
4600 
Rb,AS/NZS 
Eurocode 3 
Part 1-3 
Rb,EU 
Proposed 
Rb,Prop 
  Rb,Exp/Rb,AS/NZS Rb,Exp/Rb,EU Rb,Exp/Rb,Prop 
1 C10010 1.76 NA 1.24 1.72   - 1.43 1.02 
2 C10015 4.24 6.51 3.40 4.01   0.65 1.25 1.06 
3 C15012 2.06 NA 1.60 2.07   NA 1.29 1.00 
4 C15015 3.63 5.33 2.91 3.41   0.68 1.25 1.06 
5 C20019 5.51 8.22 4.73 5.05   0.67 1.16 1.09 
6 C20024 9.10 16.06 8.61 9.30   0.57 1.06 0.98 
7 C10010 1.74 2.76 1.48 1.86   0.63 1.18 0.93 
8 C10015 4.47 6.95 3.87 4.28   0.64 1.15 1.04 
9 C15012 2.23 NA 1.87 2.22   - 1.19 1.00 
10 C15015 3.74 5.71 3.32 3.65   0.66 1.13 1.02 
11 C20019 5.63 8.74 5.28 5.38   0.64 1.07 1.05 
12 C20024 7.20 16.98 9.43 9.83   0.42 0.76 0.73 
13 C10010 2.13 NA 1.96 2.07   - 1.08 1.03 
14 C10015 5.27 7.60 4.84 4.68   0.69 1.09 1.13 
15 C15012 2.46 NA 2.41 2.44   - 1.02 1.01 
16 C15015 4.03 6.24 4.14 3.99   0.65 0.97 1.01 
17 C20019 6.01 9.48 6.38 5.83   0.63 0.94 1.03 
18 C20024 9.45 18.29 11.04 10.59   0.52 0.86 0.89 
Mean           0.62 1.10 1.00 
COV           0.12 0.14 0.09 
 
 
Table 11: Experimental ultimate loads and comparisons with design rules and proposal-ITF load case 
No Member 
Bearing capacity (kN)   Comparison 
Test 
Rb,Exp 
AS/NZS 
4600 
Rb,AS/NZS 
Eurocode 3 
Part 1-3 
Rb,EU 
Proposed 
Rb,Prop 
  Rb,Exp/Rb,AS/NZS Rb,Exp/Rb,EU Rb,Exp/Rb,Prop 
1 C10010 7.05 NA 5.42 6.36   - 1.30 1.11 
2 C10015 14.43 7.48 13.64 14.09   1.93 1.06 1.02 
3 C15012 9.13 NA 6.62 8.45   - 1.38 1.08 
4 C15015 15.36 4.94 11.74 13.26   3.11 1.31 1.16 
5 C20019 22.99 10.74 18.01 20.75   2.14 1.28 1.11 
6 C20024 36.71 27.05 32.76 36.80   1.36 1.12 1.00 
7 C10010 6.41 NA 5.58 6.48   - 1.15 0.99 
8 C10015 14.30 8.65 13.93 14.32   1.65 1.03 1.00 
9 C15012 8.16 NA 6.77 8.60   - 1.21 0.95 
10 C15015 13.17 5.71 11.96 13.47   2.31 1.10 0.98 
11 C20019 20.70 12.30 18.31 21.05   1.68 1.13 0.98 
12 C20024 34.41 30.70 33.20 37.28   1.12 1.04 0.92 
13 C10010 6.45 NA 5.92 6.65   - 1.09 0.97 
14 C10015 14.34 10.30 14.51 14.64   1.39 0.99 0.98 
15 C15012 8.14 NA 7.13 8.82   - 1.14 0.92 
16 C15015 12.92 6.81 12.48 13.77   1.90 1.04 0.94 
17 C20019 20.19 14.51 18.94 21.47   1.39 1.07 0.94 
18 C20024 33.68 35.87 34.08 37.95   0.94 0.99 0.89 
Mean           1.74 1.13 1.00 
COV           0.34 0.10 0.07 
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a) 25 mm Bearing Length          b) 50 mm Bearing Length                       c) 100 mm Bearing Length  
Deformed web 
Crushed flange 
Deformed web Deformed web 
 
Figure 7: Web crippling failure modes of C10010 lipped channels under ETF load case 
 
4 PROPOSED DESIGN EQUATIONS 
4.1 Modifications to AS/NZS 4600 and AISI S100 design equations 
Equation 1 is the current generalized design equation used in AS/NZS 4600 [8] and AISI 
S100 [7] to calculate the web crippling capacities (Rb) of cold-formed steel sections with its 
associated web crippling coefficients for lipped channel sections in Table 12. However, when 
experimental ultimate web crippling capacities were compared with the predictions from this 
equation, it was found to be unsafe for lipped channel sections under ETF load case, but was 
overly conservative for ITF load case. Therefore the web crippling coefficients were suitably 
modified as given in Table 12 and used with Equation 1. In this case, the mean value of test to 
predicted web crippling capacities of LCB sections under ETF load case is 1.00 while the 
COV is 0.09. For ITF load case, these values are 1.00 and 0.07. It shows that the web 
crippling capacities predicted based on the modified web crippling coefficients in Equation 1 
agree well with the experimental web crippling capacities of LCBs under ITF and ETF load 
cases. 
 
a) 25 mm Bearing Length   b) 50 mm Bearing Length          c) 100 mm Bearing Length  
Deformed web 
Deformed web Deformed web 
Figure 8: Web crippling failure modes of C10010 lipped channels under ITF load case 
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𝑅𝑏 = 𝐶𝑡𝑤2 𝑓𝑦 𝑠𝑠𝑠 𝜃 �1 − 𝐶𝑟�𝑟𝑖𝑡𝑤� �1 + 𝐶ℓ�𝑙𝑏𝑡𝑤� �1 − 𝐶𝑤�𝑑1𝑡𝑤�   (1) 
Table 12: Proposed coefficients based on AS/NZS 4600 design rules 
Load 
Case Equations C Cr Cℓ Cw Mean COV 
ETF AS/NZS 4600 13.0 0.32 0.05 0.04 0.62 0.12 
  Proposed  5.7 0.2 0.05 0.04 1.00 0.09 
ITF AS/NZS 4600 24.0 0.52 0.15 0.001 1.74 0.34 
  Proposed  18.4 0.25 0.01 0.001 1.00 0.07 
Note: θ = Angle between the plane of the web and the plane of the bearing surface, C = 
Overall coefficient, Cr = Coefficient of inside bent radius, Cℓ = Coefficient of bearing length, 
Cw = Coefficient of web slenderness 
 
No attempt was made to improve the current Eurocode web crippling design equations due 
to their shortcomings mentioned in Section 2.3. 
4.2 Direct strength method (DSM) 
The direct strength method (DSM) is an alternative to the traditional effective width 
method for several cold-formed steel design criteria initiated by Schafer [12] and has been 
adopted as an alternative design method in AISI S100 [7] and AS/NZS 4600 [8].  However, 
no formal DSM provisions exist for web crippling of cold-formed steel beams. In recent years 
some attempts have been made to use DSM for web crippling capacity predictions [13-15]. 
Keerthan and Mahendran [13] have developed DSM based equations for web crippling 
capacities of hollow flange channel beams. In this research, a similar approach was used to 
develop suitable design rules for the web crippling capacity of lipped channel sections under 
the DSM format. Equations 2 and 3 show the proposed DSM design equations for the web 
crippling capacity of lipped channel sections under ETF and ITF load cases, respectively.  
Hancock and Pham [16] conducted buckling analyses of channel sections under ITF and 
IOF load cases using a semi-analytical finite strip method. They found that the average 
buckling coefficients (k) for lipped channel beams under ITF load case is closer to 3. It is 
assumed that the buckling loads (Rb,cr) of LCBs under ETF load case is equal to 50% of the 
buckling loads (Rb,cr) of LCBs under ITF load case (ie, k value for ETF load case is assumed 
to be 1.5). These buckling coefficient values were then used to calculate the buckling loads 
(Rb,cr) using Equation 4. In order to obtain more accurate buckling coefficients of lipped 
channel sections under ETF and ITF load cases, detailed finite element analyses will be 
carried out. Equivalent web yield capacities (Rb,y) were determined using Equations 5 and 6 
for ETF and ITF load cases, respectively. This equivalent web yield capacity was based on a 
plastic mechanism model of Young and Hancock [17]. The relevant web crippling slenderness 
(λ) was calculated using Equation 7.  
In order to investigate the accuracy of the proposed DSM based web crippling design 
equations for LCB sections, experimental ultimate web crippling capacity results were 
processed within the DSM format and compared with the proposed design equations (2 and 
3). Test results are plotted in Figures 9 (a) and (b) for ETF and ITF load cases, respectively. 
These figures are in a non-dimensional format, ie. Rb/Rb,y versus λ = √(Rb,y/Rb,cr). It can be 
seen that the proposed DSM based design equations are able to predict the web crippling 
capacities of LCBs reasonably well. Further FEA based research is continuing to improve the 
DSM equations using more web crippling capacity data. 
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a) ETF Load Case      b) ITF Load Case  
 
𝑅𝑏
𝑅𝑏,𝑦 = 0.23 �1 − 0.05 �𝑅𝑏,𝑐𝑐𝑅𝑏,𝑦 �0.67� �𝑅𝑏,𝑐𝑐𝑅𝑏,𝑦 �0.67  for ETF   load case  (2) 
𝑅𝑏
𝑅𝑏,𝑦 = 0.46 �1 − 0.05 �𝑅𝑏,𝑐𝑐𝑅𝑏,𝑦 �0.67� �𝑅𝑏,𝑐𝑐𝑅𝑏,𝑦 �0.67  for ITF   load case (3) 
𝑅𝑏,𝑐𝑟 = 𝜋2𝐸𝐸𝑡𝑤312[1−𝜐2]𝑑     (4) 
𝑅𝑏,𝑦 = 𝑓𝑦𝑡𝑤 �ℓ𝑏 + 𝑑12 �    for ETF load case (5) 
𝑅𝑏,𝑦 = 𝑓𝑦𝑡𝑤(ℓ𝑏 + 𝑑1)   for ITF load case (6) 
𝜆 = �𝑅𝑏,𝑦
𝑅𝑏,𝑐𝑐       (7) 
 
5 CONCLUSIONS 
This paper has presented the details of an experimental study of 36 web crippling tests of 
cold-formed lipped channel beams under ETF and ITF load cases. Comparison of the ultimate 
web crippling capacities showed that AISI S100 [7] and AS/NZS 4600 [8] design equations 
are very unconservative for LCB sections under ETF load case, but are overly conservative 
for ITF load case. New design equations were therefore proposed to accurately predict the 
web crippling capacities of lipped channel beams based on test results. Suitable design rules 
were also developed under the direct strength method format. Further experimental and 
numerical studies are continuing to investigate the effect of web and flange stiffeners on the 
web crippling capacities of cold-formed channel sections. 
 
 
Figure 9: Comparison of web crippling capacities from test and DSM based design equations 
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